We experimentally demonstrate DC functionality of graphene-based hot electron transistors, which we call Graphene Base Transistors (GBT). The fabrication scheme is potentially compatible with silicon technology and can be carried out at the wafer scale with standard silicon technology. The state of the GBTs can be switched by a potential applied to the transistor base, which is made of graphene. Transfer characteristics of the GBTs show ON/OFF current ratios exceeding 10 4 .
. The absence of a band gap and the resulting high off-state leakage currents prohibit graphene as the channel material in field effect transistors (FETs) for logic applications 2 . While graphene RF analog transistors can exploit the higher carrier mobility 3 and saturation velocity 4 , band-to-band tunneling reduces drain current saturation and voltage gain [5] [6] [7] . Several alternative graphene device concepts have been proposed that rely on quantum mechanical tunneling. These include graphene / hexagonal boron nitride superlattices 8 or (gated) graphene / semiconductor Schottky barriers 9, 10 . Along these lines, we recently proposed a Graphene Base Transistor (GBT) 11 , a hot electron transistor (HET) [12] [13] [14] with a base contact made of graphene that can potentially deliver superior DC and RF performance 11 . HETs with metallic bases are limited by two mechanisms: carrier scattering and "self-bias crowding" (in-plane voltage drop) in the base material. Optimization becomes a trade-off, since thinning the metal-base reduces scattering, but increases the metal-base resistance and the self-bias crowding 12 . Graphene is thus the ideal material for HET bases due to its ultimate thinness and high conductivity. Theoretical calculations predict that ON/OFF current ratios of over five orders of magnitude and operation up to the THz frequency range can be obtained with GBTs 11 . A schematic cross-section and top-view of a GBT are shown in Figure 1a and b. The graphene base electrode is sandwiched between two insulating dielectrics, which are covered with two electrodes (emitter and collector).
The emitter-base insulator (EBI) functions as the tunneling barrier.
In our implementation, the collector is made of metal and the emitter is made of doped silicon. The fabrication process was designed to be largely silicon CMOS technology compatible (see methods section). Here, we are reporting on experimental data of six different devices, labeled "device A" through "device F", including the supporting infomration. A top-view photograph of a GBT is shown in Figure 1c . The specific band structure of the GBTs investigated in this work is shown schematically in Fig. 2 for three relevant cases: (a) the flatband case with no external bias, (b) the OFF-state, where a collector bias is applied and (c) the ON-state with both collector bias and base bias. We note that the work functions, band offsets and bias voltages are drawn to scale based on well-known literature data for the materials used for fabrication, while the layer thicknesses are not to scale. In particular, an n-doped silicon emitter, a thermally grown silicon dioxide (SiO 2 ) EBI tunneling barrier, a graphene base, an atomic layer deposited (ALD) aluminum oxide (Al 2 O 3 ) BCI and an evaporated titanium / gold collector contact were used. Without a voltage drop across the EBI (e.g. V E = V B = 0 V as in Fig. 2a and b) , the device is "OFF" regardless of any reasonable positive bias applied to the collector. There should be no current flowing from the emitter to the base or the collector as electrons in the emitter face the high potential barrier of the EBI. In reality, the monoatomic graphene base layer does not fully screen the electrical field generated when a collector bias is applied 8 In subsequent measurements, the base and the collector voltage were swept simultaneously. This keeps the electric field across the BCI constant and reduces the stress on the EBI, because it minimizes the exposure time of the device to the maximum electrical field. Here we recall that the collector potential influences also the field in the EBI due to incomplete screening at the graphene base. The band structure for such double sweeps is shown schematically in Fig. 4a . A set of transfer characteristics can be seen in Fig. 4b . This is a different device than those in Fig. 3 ,
with an EBI and a BCI of 5 nm SiO 2 and 25 nm Al 2 O 3 , respectively (device C). We use the term "emitter-base voltage" in the figure caption to differentiate from the previous measurements. In the ON-state, the collector current clearly depends on the base-collector voltage difference V BC . Figure 4c shows the same data in logarithmic scale. The threshold voltage is similar to the devices in Fig. 3 , indicating that the switching mechanism is dominated by the emitter-base tunneling process. These GBTs achieve an ON/OFF collector current ratio of ~10 3 . Base-collector voltages greater than 6 V lead to an additional increase in the collector current below the threshold voltage. We speculate that this is the onset of additional conduction mechanisms through the Al 2 O 3 BCI, an undesirable parasitic effect. An additional unexpected collector current increase at low base voltages between V B = 0 V and 1 V is also observed, that is attributed to the charging and discharging of traps in the EBI and/or the BCI. (see supporting information), high-energy barriers at both EBI and BCI prevent reaching the full performance potential of these devices. However, structures with low tunneling barriers and optimized thickness of EBI and BCI should enable competitive operation characteristics 11, 17 .
Finally, we note that the collector currents in the ON state are rather low, too low when addressing potential future applications. One option to improve this is to reduce the thickness and barrier height of the EBI, as a linear decrease in thickness will lead to an exponential increase in the tunneling currents 18 . Another option is to reduce the band offset and the thickness of the BCI, as these will decrease the quantum mechanical reflection at the base-insulator band edge and the scattering rate during transport across the dielectric. An example is shown in Fig. 5 in the fully ballistic regime, which is required to obtain high gain. We expect improved performance form lower tunneling barriers and dielectric thicknesses 11, 17 .
Nevertheless, one should note that small band offsets and thinner BCIs will increase the OFF-state currents through thermionic emission, direct tunneling and FrenkelPoole tunneling. As a consequence, GBTs will have to be optimized with regards to thickness and materials for BCI and EBI depending on the envisioned application.
In summary, we report the experimental realization of a vertical hot electron transistor that can be switched by a voltage applied to the graphene base. We achieve ON/OFF current ratios exceeding 10 4 and most of the fabrication process is compatible with 
